The goal of this paper is to outline the process for characterizing the S-parameters of passive two-port electrical devices to calculate the input signal from a measured output signal when standard two-port VNA measurements are not possible. For long cables such as those used at NIF to transmit analog electrical signals long distances from target diagnostics to their respective data digitizer, standard two-port VNA measurements cannot be used to determine the cables' transfer functions due to the large physical separations between the ports of the cables. Traditionally, this problem was addressed by recording input and output waveforms with two oscilloscopes and then comparing their spectral composition. A new method is to take reflection measurements at one port and substitute three known loads at the other port to generate a system of simultaneous equations that will allow for S21 to be quantified.
Introduction
Analog signals from many NIF Target Diagnostics must travel along lengths of cables upwards of 50 meters to reach their respective data digitizer. This length of cable will introduce distortion to the signal due to greater attenuation at higher frequencies and any impedance discontinuities along the length of the cable. Accounting for this signal distortion requires a method to characterize the transfer function of the cables used at NIF. The standard way to determine this characterization would be to measure the two-port scattering parameters with a Vector Network Analyzer (VNA). This involves connecting both ends of the cable to a VNA and recording the desired measurements. Due to the large physical separation of the ports on the cables at NIF this method is not an option. One alternative method is to record an input and output signal in the time domain with two oscilloscopes and compare their spectral composition. Another alternative method is to calculate the S-parameters of the cable by taking reflection measurements with three unique, known loads at the other end of the cable.
Two-Port Device Definitions and Key Relationships
For the procedures described in this paper, it is important to have a firm understanding of S-parameters and what they describe exactly. Figure 1 shows a two-port device with traveling voltage waves used in the relationships that describe s-parameters. 
Equations (1) and (2) describe the reflected waves as functions of the incident waves and the S-parameters. The Sparameters are frequency dependent arrays and have values corresponding to discrete frequency points. They are often represented as a 2 column array with frequency and complex gain, or a 3 column array with frequency, magnitude, and phase.
Equations (3) and (4) represent the relationships that define the input reflection coefficient, in , and the load reflection coefficient, L . Nominally, the digitizer records the value of b 2 + a 2 . When the device under test is terminated with a 50 ohm impedance, as it will be when connected to a 50 ohm digitizer at NIF, the load reflection coefficient will be 0. From equation (4), a 2 will then equal 0. From equation (2), b 2 will only depend on a 1 and S 21 , therefore S 21 is equivalent to the transfer function of the cable and can be used to calculate a 1 from the signal recorded by the digitizer.
MATLAB FFT Function
When computing the Fast Fourier Transform (FFT) of a vector, the parameters of interest are as follows: The MATLAB FFT function will yield a vector with the same number of elements as its input. The frequency spacing of the FFT of the signal is determined by:
Therefore, the corresponding frequency vector is defined as:
For a vector with an even number of elements, the resulting vector will be mirrored with complex conjugates about the fmax point which is defined as:
This point is the (L/2) + 1 element of the FFT vector. For example, Figure 2 shows the FFT of the vector 1:6. For vectors with an odd number of elements, the resulting vector will not be mirrored about a single element. The last element with new information will have a complex conjugate pair. I will be addressing the even number of elements case. For most applications, cutting a single point off of the time domain signal is acceptable.
S21 from time domain measurements
One option to determine the specifications of the S21 array is to measure an input and output signal in the time domain. Dividing the FFT of the output signal by the FFT of input signal will yield the S21 array for the cable with extra complex conjugates as higher elements. To obtain the S21 array, elements higher than (L/2) + 1 need to be removed.
It is important to ensure that the test signal has all frequency components of interest within it. The best type of signal for this method has yet to be determined. For most oscilloscopes, the 3 dB point is below the Nyquist frequency. This means that a low pass filter will need to be used on the inverse of the generated S21 to eliminate noise above the 3 dB point of the oscilloscope due to insufficient representation of higher frequencies.
S21 from Reflection Measurements
Another option to determine the specifications of the S21 array is to solve for S21 by taking reflection measurements with a VNA.
S21 as a Function of Input and Load Reflection Coefficients
With equations (1), (2), (3), and (4), and the fact that S21 = S12 for symmetrical devices, the following relationship can be derived:
By taking input reflection measurements with three unique know loads, a system of simultaneous equations can be established:
Solving this system of simultaneous equations yields the following relationships:
Using equations (11) and (12) gives a relationship for S21 as a function of input and load reflection coefficients.
It is important to note that the solution of S21 has two solutions for each frequency because of the square root needed to completely isolate S21. The two possible solutions are complex conjugates of each other. This means that there is a 180 degree phase ambiguity to the solution. The true solution is made up of the positive solution for some frequencies and the negative solution for other frequencies. Using an unwrapping script that unwraps at +-90 degrees will return the true answer for S21.
Taking the Reflection Measurements
All measurements needed to compute the S21 array with this method can be made with a single port on a VNA. It is important to note that VNAs cannot measure DC responses, so the 0 Hz value of the S21 array will need to be assumed to be 1. First, the reflection measurements of the three known loads should be recorded. It is standard to use a short, open, and matched load for the three known loads. Then, the same measurements should be taken with the cable added between the VNA and each load. It is important to only add the cable and no other connectors or adapters when taking the input reflection measurements to yield the best results. If a male to male or female to female adapter is needed, it should be considered part of the known loads.
De-Embedding
To reconstruct the input signal with an output signal and a known S21 array the process involves taking the FFT of the output signal, multiplying it by the inverse of the S21 array, and then taking the IFFT of the resulting array. The inverse of the S21 array is 1 divided by the gain.
Constraints for Most Accurate Results
To yield the best results, the following conditions should be met:
1) The first point of the S21 array should correspond to 0 Hz. For the reflection method, this is assumed to have a gain of 1.
Adhering to these conditions, the FFT of the output signal should be the same size and have the same frequency resolution as the S21 array. If these constraints are not met, interpolation will need to be used on the S21 array or the FFT of the output signal at frequencies corresponding to those of the opposite data set.
Application of S21 Array
The first step in applying the S21 array is to calculate the FFT of the output signal. If the data set has an even number of elements, all elements above (L/2) + 1 should be removed. Next, the inverse S21 array should be calculated. At this point, if the constraints outlined in Section 4, part 1, are met, the two arrays can be multiplied together. If the constraints are not met, matching frequency points will need to be interpolated for one of the arrays.
The resulting array is the product of the inverse S21 array and one side of the output signal spectrum. To convert back to the time domain using the IFFT function, the other half of the spectrum must be added back onto the array. To do this, take the complex conjugate of each point except for the first and last point of the product array. Flip them and concatenate with the product array. The first point corresponds to 0 Hz and should not be repeated and the last point contains the max frequency point which should not be repeated for an even data set.
The final step is to compute the IFFT of the array and the result should be the original input signal.
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VI. Future Work
Further investigation into the method for generating S21 arrays from time domain signals is required to be able to compare the accuracy of the method to the reflection measurements method. Currently, results from the time domain measurement method have yielded results with larger error than the reflection, frequency domain measurement method. To obtain results for all frequencies in the bandwidth of interest, it is important to use a calibration signal that contains frequency components at all frequencies of interest.
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